Schaffer collateral synapses in hippocampus show target-cell specific short-term plasticity.
Introduction
A delicate balance between excitatory and inhibitory synaptic transmission is crucial for the correct functioning of neuronal circuits. It is important to understand mechanisms regulating both excitatory and inhibitory neurons, including the excitatory synapses that drive these neurons to fire action potentials. Because the firing of a single interneuron can have a powerful influence on the overall properties of the hippocampal network (Cobb et al. 1995) , the strength and dynamics of excitatory synapses onto inhibitory interneurons can have a profound influence on the magnitude and spatial properties of inhibition.
The strength of excitatory synapses is not static, but it changes during different patterns of activity as a result of short-term plasticity. Short-term plasticity is often target-cell specific (reviewed in Toth and McBain 2000; Thomson 2003; Pelkey and McBain 2007) , where the same type of axon has different dynamic properties onto excitatory versus inhibitory neurons (e.g. Thomson 1997; Markram et al. 1998; Scanziani et al. 1998; Koester and Johnston 2005) and different subtypes of inhibitory neurons (e.g. Ali et al. 1998; Reyes et al. 1998; Losonczy et al. 2002; Thomson et al. 2002) . In hippocampus, Schaffer collateral axons from CA3 pyramidal cells provide excitatory input to both CA1 pyramidal cells and feed-forward interneurons in stratum (s.) radiatum (Freund and Buzsaki 1996) . In general, Schaffer collateral synapses onto s. radiatum interneurons have less short-term facilitation than synapses onto CA1 pyramidal cells (Sun et al. 2005 ). However, interneurons are heterogeneous in nature (Freund and Buzsaki 1996; Parra et al. 1998; Somogyi and Klausberger 2005) , and s. radiatum interneurons exhibit heterogeneity in the short-term plasticity of their Schaffer collateral inputs (Sun et al. 2005 ).
While most s. radiatum interneurons have little or no short-term facilitation, a subset of s. radiatum interneurons containing the neuropeptide somatostatin is unusual in having extremely large short-term facilitation, even larger than at Schaffer collateral synapses onto CA1 pyramidal cells (Sun and Dobrunz 2006) . These interneurons, which we refer to as SOM interneurons, can be targeted for study using the GFP-expressing inhibitory neuron (GIN) line of transgenic mice (Oliva et al. 2000) . The large short-term facilitation at Schaffer collateral synapses onto SOM interneurons is caused by a low initial release probability and by synaptic activation of presynaptic kainate receptors that increases release probability on subsequent pulses (Sun and Dobrunz 2006) . It is similar to the large short-term facilitation observed at mossy fiber synapses onto CA3 pyramidal cells, which also contain presynaptic kainate autoreceptors (Contractor et al. 2001; Lauri et al. 2001b; Schmitz et al. 2001) . At Schaffer collateral synapses, however, presynaptic kainate receptors that increase glutamate release and enhance short-term facilitation are specific to synapses onto SOM interneurons, and are not found at Schaffer collateral synapses onto CA1 pyramidal cells or other s. radiatum interneurons (Sun and Dobrunz 2006) .
The subunit composition of kainate receptors affects their physiological properties and enables specialized roles in regulating synaptic transmission (reviewed in Lerma 2006; Pinheiro and Mulle 2006) . In the hippocampus, GluR5-and GluR6-containing kainate receptors have been shown to play an active role in the regulation of synaptic transmission (Vignes et al. 1998; Bortolotto et al. 1999; Bureau et al. 1999; Contractor et al. 2001; Lauri et al. 2001b; Clarke and Collingridge 2002; Lauri et al. 2003; Partovi and Frerking 2006; Sun and Dobrunz 2006) . We have previously shown that the GluR6 subunit is involved in the large facilitation of Schaffer collateral synapses onto SOM interneurons (Sun and Dobrunz 2006) , as has been reported for mossy fiber synapses in CA3 (Contractor et al. 2001) . Studies have also indicated that presynaptic kainate receptors containing the GluR5 subunit can increase glutamate release and regulate short-term plasticity at some synapses (Lauri et al. 2001b; Campbell et al. 2007 ). In addition, GluR5 and GluR6 can form functional heteromeric kainate receptors, which have different properties than homomeric receptors (Cui and Mayer 1999; Mulle et al. 2000; Paternain et al. 2000) . However, it is not known whether kainate receptors containing the GluR5 subunit contribute to the large facilitation of Schaffer collateral synapses onto SOM interneurons.
The underlying mechanism by which presynaptic kainate receptors enhance glutamate release is unclear. Kainate receptors containing unedited GluR5 and/or GluR6 subunits are calcium permeable (reviewed in Lerma 2003 ). An influx of calcium through presynaptic calcium-permeable kainate receptors would cause an increase in presynaptic calcium, resulting in an increase in the release probability per synaptic vesicle. This would increase glutamate release and enhance short-term facilitation (Dobrunz 2002) ; this mechanism was predicted by our previous mathematical modeling (Sun and Dobrunz 2006) . We therefore tested whether the kainate receptors involved in the large short-term facilitation at Schaffer collateral synapses onto SOM interneurons are calcium permeable.
While presynaptic kainate receptors increase short-term facilitation during simple stimulus paradigms (Sun and Dobrunz 2006), it is not known to what extent they modulate facilitation during temporally complex stimulus patterns such as Schaffer collateral synapses receive in vivo. The strength of Schaffer collateral synapses onto CA1 pyramidal cells varies over a wide dynamic range during physiologically-derived stimulus patterns taken from in vivo recordings of hippocampal firing patterns (Dobrunz and Stevens 1999; Dekay et al. 2006; Klyachko and Stevens 2006; Speed and Dobrunz 2008b) . These patterns, which contain high frequency bursts separated by long intervals with little or no activity (e.g. Fenton and Muller 1998), are referred to as natural stimulus patterns (NSPs) to reflect their physiological origin (Dobrunz and Stevens 1999). It is not known how Schaffer collateral synapses onto SOM interneurons respond during stimulation with NSPs, or how much of an effect the activation of presynaptic kainate receptors has on this form of short-term plasticity or on the dynamic range over which these synapses operate.
Here we investigate the subunit composition and calcium permeability of the presynaptic kainate receptors involved in short-term facilitation at Schaffer collateral synapses onto SOM interneurons, and explore their role in short-term facilitation in response to physiologically-derived NSPs. We find that heteromeric kainate receptors containing both GluR5 and GluR6 are involved in the large short-term facilitation at these synapses, and show that these receptors are calcium permeable. Furthermore, we show that Schaffer collateral synapses onto SOM interneurons have extremely large (up to 11 fold) facilitation in response to temporally complex natural pattern stimulation, and demonstrate that activation of presynaptic calcium-permeable kainate receptors is one important mechanism underlying this facilitation.
Materials and Methods

Slice preparation.
GIN transgenic mice (11-16 days old) that express EGFP in a subset of interneurons containing somatostatin (Oliva et al. 2000) were anesthetized with isoflurane and decapitated, and their brains were removed rapidly. Coronal slices of the brain, 400 µm thick, were cut using an oscillating tissue slicer (EMS-4000; Electron Microscopy Sciences, Fort Washington, PA) or a vibrating microtome (VT1000S; Leica, Bannockburn, IL). Slicing and dissection of the hippocampi were done in icecold (1-3°C) dissecting solution containing the following (in mM): 120 NaCl, 3.5 KCl, 0.7 CaCl 2 , 4.0 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, bubbled with 95% O 2 /5% CO 2 , pH 7.35-7.45. Slices were stored at room temperature in a holding chamber containing the dissecting solution and bubbled with 95% O 2 / 5% CO 2 for at least 1 h before recording.
Electrophysiology.
During the experiment, slices were held in a submersion recording chamber perfused with external recording solution composed of the following (in mM): 120 NaCl, 3.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose. The solution was bubbled with 95% O 2 /5% CO 2 , pH 7.35-7.45. Picrotoxin (100 μM) was added to the external solution to block inhibitory synaptic responses mediated by GABA A receptors; the CA3 region of hippocampus was removed to prevent recurrent excitation. The solution also contained 100 µM D-2-amino-5-phosphonopentanoic acid (APV) to block NMDA receptor-mediated currents and prevent postsynaptic short-term plasticity, as well as to prevent long-term potentiation (LTP) and long-term depression (LTD). All experiments were performed at room temperature (~24°C). APV, 6, 7, 8, benz(g)indole-2,3-dione 3-oxime (NS-102), 1-napthyl acetyl spermine (NASPM), and Philanthotoxin-433 are from Sigma-Aldrich (St. Louis, MO); (S)-1-(2-Amino-2-carboxyethyl)-3-(2-carboxybenzyl)pyrimidine-2,4-dione (UBP302) and 4,6-Bis(benzoylamino)-1,3-benzenedicarboxylic acid (NS3763) are from Tocris Bioscience (Ellisville, MO); 3S,4aR,6S,8aR)-6-(4-carboxyphenyl) methyl-1, 2,3,4,4a,5,6,7,8,8a-decahydroisoquinoline-3-carboxylic acid (LY382884) is from Eli Lilly (Indianapolis, IN).
Interneurons expressing EGFP (which are a subset of SOM interneurons) and non-EGFP interneurons were identified visually in CA1 using infrared differential inference contrast optics and epifluorescent optics on a Nikon (New York, NY) E600FN upright microscope. Interneurons recorded had somata located in s. radiatum. Targeted neurons were patched in the voltage-clamp configuration and recorded at a holding potential of -60 mV using an Axopatch 200B amplifier (Molecular Devices, Union City, CA). Patch electrodes (3-4.5MΩ) were filled with internal solution composed of the following (in mM): 100 Cs-Gluconate, 0.6 EGTA, 5.0 MgCl 2 , 40 HEPES, pH was adjusted to 7.2 with CsOH. The internal solution also contained 10 mM BAPTA to block interneuron LTP and LTD (Laezza et al. 1999) , and to inhibit postsynaptic calcium-mediated effects of G-protein coupled receptors and prevent postsynaptic short-term plasticity; QX-314 (N-(2,6-dimethylphenylcarbamoylmethyl) triethylammonium chloride) (5 mM) to improve space clamp and reduce nonlinear effects caused by voltage-gated channels in dendrites while recording from the soma; 10 mM ATP to partially chelate intracellular spermine and spermidine and prevent possible postsynaptic short-term plasticity at postsynaptic calcium-permeable AMPA receptors (Bahring et al. 1997; McBain 1998; Rozov and Burnashev 1999; Toth et al. 2000) . The access resistance and holding current (<200 pA) were monitored continuously. Recordings were rejected if either access resistance or holding current increased ~20% during the experiment.
Excitatory postsynaptic currents (EPSCs) were recorded in response to extracellular stimulation of Schaffer collateral axons by a bipolar tungsten microelectrode (FHC, Bowdoinham, ME) placed in s. radiatum. Stimulation was generated from a Master-8-cp stimulator (AMPI, Jerusalem, Israel) and applied with a BSI-2 biphasic stimulus isolator (BAK Electronics, Mount Airy, MD).
During the recording, the stimulating electrode was positioned and the stimulus strength adjusted (30-50 μA for a 100 μs pulse) to produce a single-peak EPSC with fixed latency. There were two stimulation patterns used in the experiments: (1) paired-pulse stimulation with different intervals (in ms : 20, 40, 80, 200 and 500) , applied in a random sequence and repeated 10 times at 0.1 Hz. The averaged paired pulse ratio (EPSC 2 /EPSC 1 ) was calculated after recording; and (2) NSP. As described in Dobrunz and Stevens (Dobrunz and Stevens 1999), the stimulus patterns were taken from the timing of action potentials recorded in vivo from hippocampal place cells of awake, freely moving rats. These spike patterns were generously provided by Dr. Robert Muller (see (Fenton and Muller 1998) for details of the recording methods). We refer to the stimulation patterns used here as natural stimulation patterns (NSPs) because they more closely reflect the temporal patterns of input that hippocampal synapses actually receive. Details of the methods for the NSP experiments are described in Dekay et al. (2006) and Dobrunz and Stevens (1999) . In each experiment the same pattern of 46 points was presented 3-7 times, separated by control sections of 14 points at a slow constant frequency (0.1 Hz). The data for each cell are normalized by the average value of the last 8 points of the control period. The stimulus amplitude and duration were held constant during each experiment.
Statistical analysis.
Data are presented as mean ± SE. Except where noted, statistical comparisons were made using paired t-test with p< 0.05 considered significant. Where noted, statistical comparisons were made using the Student's t-test or one-way ANOVA, with p<0.05 considered significant. In figures, * indicates a statistically significant difference.
Results
GluR5 involvement in the facilitation at Schaffer collateral synapses onto EGFP-expressing
SOM interneurons
We first tested whether GluR5 containing kainate receptors also contribute to the large shortterm facilitation seen at Schaffer collateral synapses onto SOM interneurons, as has been shown to occur with GluR6 containing kainate receptors (Sun and Dobrunz 2006) . Figure 1A shows examples of paired-pulse EPSCs (40 ms interval) recorded in an EGFP expressing SOM interneuron before (black line) and during (red line) the application of UBP302 (15 μM), a GluR5 selective kainate receptor antagonist (More et al. 2004; Partovi and Frerking 2006) . UBP302 reduced the amount of paired-pulse facilitation, although the remaining facilitation was still large. Group results ( Figure 1B) show that the reduction in paired-pulse facilitation was significant at short paired pulse intervals (20-40 ms, p < 0.05, n=13) . However, there was no effect on the size of the first EPSC ( Figure 1C , p >0.5), indicating that the effect of UBP302 was presynaptic. The effect was completely reversed upon drug washout (data not shown). The involvement of GluR5 containing kainate receptors was further confirmed with another specific GluR5 antagonist, LY382884 (10 μM) (Bortolotto et al. 1999; Lauri et al. 2001b) , which also caused a reduction in paired-pulse facilitation at the 20 ms and 40 ms intervals (p< 0.05, n=4, data not shown). The magnitude of the decrease in facilitation (combining the 20 and 40 ms intervals) was not different between the two GluR5 specific antagonists (29.0 ± 4.9% UPB302 versus 31.7 ± 8.8% LY382884, Student's t-test, p>0.7). These data indicate that paired-pulse facilitation is enhanced by synaptically released glutamate activating kainate autoreceptors that contain GluR5.
The effect is specific for Schaffer collateral synapses onto SOM interneurons, with no effect of UBP302 on paired-pulse facilitation at Schaffer collateral synapses onto non-EGFP interneurons ( Figure 1D , E, p > 0.7, n=7). Interestingly, UBP302 caused a reduction in the amplitude of the first EPSC in non-EGFP interneurons (Figure 1F, p < 0.05, n=7) . This most likely reflects the block of postsynaptic kainate receptors, since postsynaptic kainate receptors containing GluR5 have been found on some CA1 interneurons (Clarke et al. 1997; Cossart et al. 1998; Mulle et al. 2000) . Figure   1G shows the average percentage decrease in PPF (combining the 20 ms and 40 ms intervals) in response to UBP302, which shows a ~30% decrease for SOM interneurons and no change for non-EGFP interneurons. These data are consistent with our previous results that showed that the kainate receptors that caused a reduction in paired-pulse facilitation are only present at Schaffer collateral inputs onto SOM interneurons (Sun and Dobrunz 2006) . Therefore, the GluR5 and GluR6 containing kainate receptors that enhance short-term facilitation are target-cell specific.
Kainate receptors that increase short-term facilitation at synapses onto EGFP-expressing SOM interneurons are heteromeric
Kainate receptors containing the GluR5 subunit can either be homomeric or heteromeric. We tested if GluR5 homomeric receptors contribute to the facilitation at this synapse through application of NS3763 (10μM), which is a specific antagonist for homomeric GluR5 kainate receptors (Christensen et al. 2004a, b; Partovi and Frerking 2006) . NS3763 had no effect on the paired-pulse facilitation of Schaffer collateral synapses onto EGFP-expressing SOM interneurons ( Fig. 2A-2B ), indicating that the GluR5 containing kainate receptors that enhance facilitation at these synapses are not homomeric, and therefore must be heteromeric. Because our previous results showed an involvement of GluR6 containing kainate receptors (Sun and Dobrunz 2006) , and the results from Figure 1 show GluR5 involvement, this suggests that Schaffer collateral synapses targeting SOM interneurons either contain two populations of kainate receptors (some with GluR5 and others with GluR6) or contain heteromeric GluR5/6 kainate receptors.
If the GluR5 and GluR6 subunits are different populations of kainate receptors then blocking both subunits should cause a greater reduction of short-term facilitation compared to blockade of only one of the subunit containing kainate receptors. To test this possibility, we applied UBP302 (15 μM) together with NS102 (20 μM), an antagonist for GluR6 containing kainate receptors (Chittajallu et al. 1999) . The combined drugs caused a significant reduction in the paired pulse facilitation at the 20 and 40 ms intervals ( Fig. 2D -E, p < 0.05, n=12), with no change in the amplitude of the first response ( Figure 2F , p > 0.35). However, the effect of UBP302 plus NS102 ( Figure 2E ) was not greater than the effect seen with either UBP302 alone ( Figure 1B Figure 2E , one-way ANOVA, p > 0.9). Because there was no additive effect of the GluR5 and GluR6 antagonists, this suggests that the large facilitation seen at Schaffer collateral synapses onto EGFP-expressing SOM interneurons is due to heteromeric GluR5/6 kainate receptors, rather than separate populations of GluR5 kainate receptors and GluR6 kainate receptors.
To confirm this, we tested whether UBP302 occluded a further effect of NS102, focusing on the shorter intervals (20 ms and 40 ms) where kainate receptors are involved ( Figure 2H ). While PPF was significantly reduced (compared to control) in both UBP302 and UBP302+NS102 (one-way ANOVA, p < 0.05), there was no further reduction in PPF caused by the addition of NS102 ( Figure   2I , one-way ANOVA, p > 0.8). Together, our results show that the presynaptic kainate receptors that contribute to the large short-term facilitation at Schaffer collateral synapses onto SOM interneurons are GluR5/GluR6 heteromers.
Kainate receptors that increase short-term facilitation at Schaffer collateral synapses onto SOM interneurons are calcium permeable
We next tested whether the kainate receptors that increase short-term facilitation at Schaffer collateral synapses onto SOM interneurons are calcium permeable. Application of NASPM (200 μM), an antagonist of calcium-permeable AMPA and kainate receptors (Koike et al. 1997) , caused a decrease in paired-pulse facilitation at short intervals ( Fig. 3A-B) . The reduction in paired-pulse facilitation with NASPM is not due to an effect at postsynaptic calcium-permeable AMPA receptors, since there is no change in the size of the first EPSC ( Figure 3C , p > 0.4). We also saw a reduction in paired-pulse facilitation at synapses onto SOM interneurons using Philanthotoxin-433 (5μM) (Supplemental Figure 1) , another antagonist of calcium-permeable kainate and AMPA receptors (Washburn and Dingledine 1996; Bahring and Mayer 1998). As with the NASPM, the Philanthotoxin-433 had no effect on the size of the first EPSC (Supplemental Figure 1C ), indicating that these cells do not have postsynaptic calcium-permeable AMPA receptors. Together, these data show that Schaffer collateral synapses onto SOM interneurons have calcium-permeable kainate receptors that enhance their paired-pulse facilitation.
We previously showed that the effect of presynaptic kainate receptors to increase release probability and enhance short-term facilitation is specific to Schaffer collateral synapses onto SOM interneurons, with no effect at Schaffer collateral synapses onto non-EGFP interneurons or pyramidal cells (Sun and Dobrunz 2006). Here we confirm that non-EGFP expressing interneurons do not use this novel mechanism of calcium influx through presynaptic calcium-permeable kainate receptors to increase their facilitation. Figure 3D and 3E show that NASPM does not alter paired pulse facilitation at Schaffer collateral synapses onto non-EGFP interneurons. NASPM does cause a significant decrease in the average size of the first EPSC in non-EGFP interneurons, as shown in Figure 3F (n=10, p < 0.05), indicating that these cells do have postsynaptic calcium-permeable AMPA receptors. The effect of NASPM on the first EPSC amplitude was variable; NASPM caused a large reduction in the first EPSC size in a subgroup of cells and no effect in the others (Supplemental Figure 2A and 2C) , consistent with the fact that calcium-permeable AMPA receptors are found only in a subset of interneurons (Washburn and Dingledine 1996; Buldakova et al. 2007 ).
However, NASPM did not cause a reduction in paired-pulse facilitation in either group (Supplemental Figure 2B and 2D). NASPM also had no effect on paired-pulse facilitation at Schaffer collateral synapses onto pyramidal cells (Supplemental Figure 3) ; the percent reduction in the paired-pulse ratio at 20 ms and 40 ms (combined) was -3.2 ± 7.4% (n=4, p > 0.5). Together, these data show that the effect of NASPM to reduce short-term facilitation is specific to Schaffer collateral synapses onto SOM interneurons, and not found at other Schaffer collateral synapses.
Both GluR5 and GluR6 are capable of forming calcium-permeable kainate receptors, and the size of the reduction in PPF at Schaffer collateral synapses onto SOM interneurons is the same for NASPM as was seen with the combination of kainate receptor antagonists (32.9 ± 6.6% NASPM;
29.6 ± 6.4% UBP302 + NS102, student's t-test, p > 0.8). This suggests that the effect of the NASPM on PPF occurs through the block of calcium-permeable kainate receptors, and that the combination of kainate receptor antagonists is blocking all of the calcium-permeable kainate receptors. However, it is possible that the kainate receptor antagonists and NASPM maybe reducing the PPF through two different mechanisms. To determine whether NASPM and the kainate receptor antagonists were blocking the same or different receptors, we tested whether NASPM occludes a further effect of UBP302+NS102. As shown in Figure 3H , addition of UPB302+NS102 causes no further change in paired-pulse facilitation in cells when NASPM is present (one-way ANOVA, p > 0.8). Figure 3I shows the percent decrease in paired-pulse facilitation (20 and 40 ms combined) is not different for NASPM compared to NASPM+UBP302+NS102 (n=6, p > 0.5), although both are significantly reduced compared to control values (p < 0.05). This shows that NASPM is acting on presynaptic kainate receptors, and confirms that the GluR5/GluR6 kainate receptors are responsible for enhancing the short-term facilitation at Schaffer collateral synapses onto SOM interneurons are calcium permeable.
Schaffer collateral synapses onto SOM interneurons show very large short-term facilitation in response to natural stimulus patterns
While simple stimulus paradigms such as paired pulse are very useful in studying the properties of synapses and mechanisms of short-term plasticity, they are not representative of the types of input patterns hippocampal synapses receive in vivo. Because short-term plasticity can be nonlinear, it is difficult to predict the responses to complex patterns from the results with simple stimuli. The NSP, which is derived from in vivo recordings of action potential timing in hippocampal neurons, provides a temporally-complex stimulus for investigation of the interactions between the different forms of short-term plasticity in a behaviorally relevant context (Dobrunz and Stevens 1999). We next investigated the responses of Schaffer collateral synapses onto SOM interneurons and non-EGFP interneurons in response to the NSP. Figure 4A shows the timing of the stimulus pattern that was applied, which contains several high frequency bursts of stimuli separated by long intervals with little or no activity. The bottom panel of Figure 4A shows one of the bursts on an expanded time scale, illustrating that the timing within the burst is also highly variable. Figures 4B and C show example traces in response to that burst from a SOM interneuron and a non-EGFP interneuron, respectively. Figure 4D shows the summary data, which is normalized to the control response during 0.1 Hz constant frequency stimulation (last 14 points) and plotted against stimulus number, not time. The pattern of responses to the NSP is dramatically different between Schaffer collateral synapses onto the two types of interneurons. Schaffer collateral synapses onto SOM interneurons show mainly facilitation in response to the physiologically derived NSP. The amount of facilitation is very large (up to 8 fold) and varies greatly throughout the pattern (Fig. 4B, 4D ). In contrast, non-EGFP interneurons have hardly any facilitation in response to the NSP (maximum is 1.4-fold facilitation) (Fig. 4C, 4D ). The range of responses (maximum-minimum) is significantly larger for Schaffer collateral synapses onto the SOM interneurons (Fig. 4E , p < 0.05), indicating that Schaffer collateral synapses onto SOM interneurons operate over a much wider dynamic range of synaptic strength than synapses onto non-EGFP interneurons. There is also a large difference in the overall average amplitude of the responses during the NSP (Fig. 4F, p < 0.05) . Interestingly, the difference between EGFPexpressing SOM and non-EGFP interneurons occurs mainly at shorter interstimulus intervals of the NSP (Fig. 4G) . One possible mechanism that might be involved in the enhanced facilitation at Schaffer collateral synapses onto SOM interneurons during the shorter interstimulus intervals of the NSP is the activation of presynaptic kainate receptors, as we have seen during paired-pulse stimulation ( Fig. 1-3 ).
Large facilitation of Schaffer collateral synapses onto SOM interneurons during NSPs is mediated in part by calcium-permeable kainate receptors
We tested whether calcium-permeable kainate receptors contributed to the large short-term facilitation seen during the NSP by comparing the responses before and during application of NASPM. Figure 5A shows that blocking the kainate receptors (solid red circles) causes a large reduction in the amount of facilitation at many points during the pattern. This causes a reduction in the dynamic range (maximum -minimum, Fig. 5B , n=6, p < 0.05), indicating that the synaptic activation of presynaptic kainate receptors normally acts to increase range of synaptic strength over which these synapses operate. While not all points are affected by the NASPM, there was a significant reduction in the overall average amplitude of the responses (averaged for the 46 points of the NSP) as shown in Figure 5C (n=6, p < 0.05). A reduction in short-term facilitation during the NSP was also seen when kainate receptors were blocked by the application of NS102 plus UBP302 (Supplemental Figure 4) . The magnitude of the reduction in the overall average amplitude was similar to that with NASPM (NS102+UBP302 34.6 ± 9.9 %, n=8; NASPM 38.4 ± 14.2 %, n=6, student's t-test, p > 0.5), indicating that the reduction of short-term facilitation by NASPM was occurring through the block of kainate receptors.
The effect of NASPM on short-term facilitation occurs at points with short interstimulus intervals, as can be more clearly seen in Figure 5D in which the data is plotted versus the interstimulus interval. We quantified this by calculating the magnitude of the difference in the normalized EPSC for each point (Control -NASPM), and averaging them for different ranges of interstimulus interval. As shown in Figure 5E , there is a statistically significant increase in shortterm facilitation caused by calcium-permeable kainate receptors at all interval ranges except the longest two (interstimulus intervals > 3 seconds). Interestingly, the enhancement of short-term facilitation by kainate receptor activation occurs at longer intervals during natural pattern stimulation (Fig. 5D , E) than during paired pulse stimulation, where the effect was limited to 80 ms or less (Fig. 3D) . In addition, the magnitude of the reduction in facilitation with NASPM is greater during the NSP than during paired pulse stimulation. Figure 5F shows that for intervals of ≤ 80 ms, the average reduction in facilitation with NASPM is 31% for paired pulse stimulation but over 50% for the NSP (p<0.05). For intervals of 200 -500 ms (Fig. 5G) , there is no significant effect of NASPM during paired pulse stimulation (p > 0.3), while the decrease in facilitation during the NSP is greater than 30% (p < 0.05). These results show that the pattern of stimulation is important for the activation of presynaptic kainate receptors that enhance facilitation, and not just the stimulus frequency. Together, these results indicate that activation of presynaptic calcium-permeable kainate receptors by synaptically released glutamate is likely to be a physiologically important mechanism to increase short-term facilitation at these synapses and increase their dynamic range during burst stimulation such as these synapses would receive in vivo.
Discussion
Here we show that the presynaptic kainate receptors that increase facilitation at Schaffer collateral synapses onto s. radiatum SOM interneurons are heteromeric receptors that contain the GluR5 subunit as well as the GluR6 subunit. They are calcium permeable, suggesting that an increase in presynaptic calcium may be the mechanism by which activation of these kainate receptors increases release probability and enhances short-term facilitation. Furthermore, we show that short-term facilitation at Schaffer collateral synapses onto SOM interneurons is extremely large (up to 11 fold) during physiologically derived stimulus patterns, in contrast to Schaffer collateral synapses onto other interneurons that have small facilitation (less than 1.5 fold). This is due in large part to the activation of the presynaptic kainate receptors at synapses onto the SOM interneurons. Heteromeric kainate receptors containing both GluR5 and GluR6 have been shown to be located presynaptically at perforant path synapses onto CA3 pyramidal cells (Contractor et al. 2000) , and postsynaptically in CA1 s. radiatum interneurons (Mulle et al. 2000) . Presynaptic kainate receptors at excitatory synapses onto layer II/III pyramidal cells in cortex, in contrast, contain GluR5 but not GluR6 (Campbell et al. 2007 ). The subunit composition of presynaptic kainate receptors at mossy fiber synapses onto CA3 pyramidal cells is still controversial, but has been reported to contain In our previous study (Sun and Dobrunz 2006) we showed that kainate receptor activation increases release probability at Schaffer collateral synapses onto SOM interneurons but did not determine the underlying mechanism for this effect. However, our mathematical modeling results predicted that the kainate receptor mechanism would be calcium dependent, because our model was able to fit the data for the large facilitation of the Schaffer collateral inputs onto SOM interneurons by incorporating a calcium dependent increase in the release probability per vesicle (Sun and Dobrunz 2006). Here we show that the presynaptic kainate receptors at Schaffer collatearal synapses onto SOM interneurons are calcium permeable, as has been shown for the presynaptic kainate receptor autoreceptors that enhance short-term facilitation at mossy fiber synapses onto CA3 pyramidal cells (Pinheiro et al. 2007 ). This means that calcium influx through these receptors could be the mechanism through which they increase release probability and enhance short-term plasticity. However, our results do not directly demonstrate that it is the calcium influx through the receptors that enhances facilitation. At mossy fiber synapses in CA3, the activation of presynaptic kainate receptors may also enhance glutamate release through a direct depolarizing effect on the presynaptic membrane, leading to enhanced calcium influx through voltage gated calcium channels (Kamiya et al. 2002) . It is not known whether this mechanism is also involved in enhancing facilitation at Schaffer collateral synapses onto SOM interneurons. However, our results demonstrate that the presynaptic kainate receptors at Schaffer collateral synapses onto SOM interneurons are calcium permeable, like presynaptic kainate receptors at mossy fiber synapses in CA3.
Because our experiments use pharmacological tools to investigate the subunit composition and calcium permeability of the presynaptic kainate receptors, the interpretation of some of our results depends upon the selectivity of the antagonists used. Given the numerous possible combinations of the various subunits, the potential heterogeneity of kainate receptors also complicates the assessment of pharmacological properties (Pinheiro and Mulle 2006) . Because most kainate receptor antagonists are characterized in heterologous expression systems, it is possible that effectiveness of these compounds on heteromeric kainate receptors in acute slices may differ.
Whenever possible, we used several different antagonists to confirm the results. A reduction on paired-pulse facilitation occurred with both UBP302 and LY382884, both of which are reported to be GluR5 specific. Similarly, two different blockers of calcium-permeable kainate/AMPA receptors, NASPM and Philanthotoxin-433, each caused a reduction on paired-pulse facilitation. It is also possible that UPB302 plus NS102 may not be completely blocking all of the presynaptic autoreceptors at the Schaffer collateral synapses onto SOM interneurons, although this is unlikely since there was no additive effect when UBP302 and NS102 were applied together. If so, this would cause an underestimate of the effect of presynaptic kainate receptors on short-term facilitation.
However, the close agreement between the reduction in paired-pulse facilitation with UBP302 plus NS102 as compared to that seen with NASPM suggests that the combination of kainate receptor antagonists is blocking all of the calcium-permeable kainate receptors. Together, our results therefore support the idea that the presynaptic kainate receptors at Schaffer collateral synapses onto SOM interneurons are calcium-permeable heteromers containing GluR5 and GluR6.
While using the NSP provides stimulation that is more physiologically relevant in is temporal complexity and mixture of frequencies, there are several respects in which our experiments differ from in vivo conditions. Because our experiments are focused on presynaptic short-term plasticity, we block NMDA receptors in order to prevent postsynaptic short-term plasticity that might occur through activity-dependent relief of the magnesium block of these receptors. In addition, this prevents possible NMDA receptor dependent long-term plasticity, which can be induced by the NSP when NMDA receptors are active (Dobrunz and Stevens 1999). We also block GABA A receptors in order to isolate the responses from excitatory Schaffer collateral synapses; with inhibition intact the results would be more difficult to interpret due to short-term plasticity of inhibitory responses. Future experiments will be needed to examine the interactions between these different forms of plasticity, which will clearly be important to the overall functioning of the hippocampal circuit in vivo. However, blocking NMDA receptors and GABAA receptors is unlikely to significantly alter the effects of short-term plasticity to modulate glutamate release by Schaffer collateral synapses during temporally complex stimulation.
These experiments also differ from the in vivo conditions by being performed at room temperature rather than physiological temperature. Recording at room temperature enables the SOM interneurons to stay healthy longer, which is important due to the long duration of the NSP experiments. We have previously shown that recording at near physiological temperature compared to room temperature causes a slight increase in the amount of paired-pulse and five-pulse facilitation at SC synapses onto SOM interneurons (Sun and Dobrunz 2006) . In addition, recording at higher temperature causes a small increase in paired-pulse facilitation and facilitation during the NSP at SC synapses onto CA1 pyramidal cells (Speed and Dobrunz 2008b) . Based on this we predict that recording at warmer temperature would also cause a small increase in the amount of short-term facilitation at SC synapses onto SOM interneurons during the NSP. As a result, the extremely large short-term facilitation we record here may actually be an underestimate of what would occur in vivo.
The EGFP-expressing interneurons in the GIN mice, which we refer to here as SOM interneurons for simplicity, are a subset (approximately 20% in hippocampus) of the interneurons that contain somatostatin (Oliva et al. 2000) . It is not yet known whether other somatostatin interneurons that do not express EGFP also have presynaptic kainate receptors that contribute to large facilitation of their SC synapses, or whether the EGFP-expressing subset is somehow unique.
However, we have never detected a non-EGFP interneuron that had such large short-term facilitation or that showed any evidence of presynaptic kainate receptors that increased facilitation.
The fact that Schaffer collateral synapses onto SOM interneurons also have extremely large short-term facilitation in response to physiologically derived NSPs suggests that they are likely to have very large presynaptic short-term facilitation in vivo. In addition, these synapses respond over a very wide dynamic range during the temporally complex pattern. This indicates the strength of these synapses can rapidly change from weak to very strong during high frequency bursts, and therefore that the frequency and timing of Schaffer collateral firing has a very large ability to modulate the postsynaptic response of the SOM interneuron. In contrast, we show that Schaffer collateral synapses onto the non-EGFP interneurons have very little short-term facilitation during the NSP and operate over a much narrower dynamic range. Schaffer collateral synapses onto non-SOM inteneurons are therefore less sensitive to stimulus frequency, and would provide a more consistent level of excitatory drive onto their postsynaptic target interneurons. Previous results using field potential recordings (Dekay et al. 2006; Speed and Dobrunz 2008a, b) and whole-cell recordings (Dobrunz and Stevens, 1999) have shown that Schaffer collateral synapses onto CA1 pyramidal cells have robust short-term facilitation in response to NSPs, and that they operate over a fairly wide dynamic range (Dobrunz and Stevens 1999). However, the amount of short-term facilitation is over twice as large and the dynamic range is more than 5 times larger at Schaffer collateral synapses onto SOM interneurons observed here as compared to the results from CA1 pyramidal cells (Dobrunz and Stevens, 1999) .
The very large short-term facilitation of Schaffer collateral synapses onto SOM interneurons during the NSP is due in large part to the synaptic activation of the kainate autoreceptors, since short-term facilitation at Schaffer collateral synapses onto SOM interneurons is reduced by more than 40% by the antagonist NASPM. A similar result was obtained using the combination of UBP302 and NS102, indicating that the effect was due to block of calcium-permeable kainate receptors. This shows that synaptically released glutamate activates calcium-permeable kainate receptors during physiologically based stimulus patterns, leading to an increase in release probability and enhanced short-term facilitation on subsequent pulses in the train. While blocking the kainate receptors causes a reduction in the overall average amplitude and the dynamic range of responses during the NSP, both are still larger than what is observed in CA1 pyramidal cells (Dobrunz and Stevens, 1999) . This is consistent with the fact that Schaffer collateral synapses onto SOM interneurons have a lower initial release probability than Schaffer collateral synapses onto pyramidal cells (Sun and Dobrunz 2006) , which also contributes to their large short-term facilitation. The activation of presynaptic kainate autoreceptors at Schaffer collateral synapses onto SOM interneurons is therefore a key mechanism that enables these synapses to have unusually large short-term facilitation and operate over an extremely large dynamic range.
Interestingly, the effect of presynaptic kainate receptors lasts considerably longer during the NSP than during a pair of pulses, since a reduction in facilitation with NASPM is seen at intervals up to 2 seconds, as compared to only 80 ms during paired-pulse stimulation. In addition, the reduction in facilitation with NASPM is almost twice as large during the NSP than during paired pulse stimulation at interstimulus intervals of 80 ms or less. This could indicate that during longer stimulus trains either more kainate receptors are activated, perhaps by spillover of glutamate from neighboring synapses. Alternatively, another signaling mechanism could be involved that is triggered by activation of the presynaptic kainate receptors.
The modulation of transmitter release by presynaptic kainate receptors at some synapses has been reported to involve a metabotropic action (Rodriguez-Moreno and Lerma 1998; Frerking et al. 2001) , which can be mediated by KA1 and KA2 subunits (Ruiz et al. 2005; Pinheiro and Mulle 2006) . The rapid activation of presynaptic kainate receptors at Schaffer collateral synapses onto SOM interneurons is fast enough (< 20 ms) to make it unlikely that a metabotropic function is required during paired-pulse facilitation. However, this does not preclude the possible involvement of a G-protein coupled process in the presynaptic terminal during the natural stimulation pattern, since the effect of blocking the kainate receptors is seen at interstimulus intervals up to 2 seconds. Future experiments will be needed to determine whether KA1 and/or KA2 subunits are also found at these kainate receptor autoreceptors, and to investigate whether metabotropic kainate receptor functions are activated during longer stimulation patterns and contribute to the enhanced short-term facilitation at longer intervals.
Another mechanism by which kainate receptor activation could potentially contribute to the enhanced short-term facilitation at longer intervals of the NSP is through triggering the release of calcium from intracellular stores. There is evidence that calcium stores are involved in synaptic short-term plasticity at a variety of synapses in the CNS (Berridge 1998; Emptage et al. 2001; Lauri et al. 2003) . For example, calcium stores have been shown to contribute to calcium transients during brief high-frequency activation (Liang et al. 2002) . In contrast, depletion of calcium stores has been reported to have no effect on low-frequency transmission (Carter et al. 2002; Lauri et al. 2003) .
Release of calcium from intracellular stores can be triggered by several different mechanisms (Irving et al. 1992; Rae et al. 2000; Lauri et al. 2003) , including activation of calcium-permeable kainate receptors (Lauri et al. 2003) . For example, calcium influx through calcium-permeable presynaptic kainate receptors causes release of calcium from intracellular stores that contributes to the large short-term facilitation and to the induction of long-term potentiation at mossy fiber synapses in CA3 (Lauri et al. 2003) . Future experiments will be needed to determine whether calcium release from intracellular stores plays any role in the kainate receptor mediated enhancement of short-term facilitation at Schaffer collateral synapses onto SOM interneurons. However, our experiments showing synaptic activation of presynaptic kainate autoreceptors during the NSP demonstrate that these receptors should be activated at Schaffer collateral synapses onto SOM interneurons by bursts of action potentials in vivo, and that they are likely to play an important role in regulating the function of these synapses.
Our results also show that there are considerable differences in the excitatory input to different subgroups of interneurons in response to high frequency activity (Sun et al. 2005 , and present study). Short-term facilitation will increase the excitatory drive onto specific interneurons and promote action potential firing in these neurons, while short-term depression will cause a decrease firing of other interneurons. Because Schaffer collateral synapses onto SOM interneurons have much greater high-frequency facilitation than synapses onto other interneurons, they are likely to fire more often during high frequency bursts than other types of interneurons. Most interneurons in s. radiatum provide inhibitory input to the soma and proximal dendrites of CA1 pyramidal cells (Freund and Buzsaki 1996) . In contrast, many SOM interneurons in s. radiatum have extensive axonal arborization in s. lacunosum-moleculare (Oliva et al. 2000) , where they provide inhibitory input onto the most distal dendrites of CA1 pyramidal cells. It remains to be determined whether there are also differences in short-term plasticity at the inhibitory synapses made onto CA1 pyramidal cells by SOM interneurons compared to other interneurons during temporally complex firing patterns. However, differences in the dynamic properties of Schaffer collateral synapses onto SOM interneurons compared to other interneurons may result in frequency dependent changes in the spatial distribution of inhibition on CA1 pyramidal cells.
In addition to the Schaffer collateral input onto their proximal dendrites, CA1 pyramidal cells also receive excitatory input from the direct perforant pathway from entorhinal (ER) cortex that makes excitatory synapses onto the distal dendrites in s. lacunosum-moleculare (Hjorth-Simonsen and Jeune 1972) . This pathway, which is also referred to as the temporoammonic pathway (Maccaferri and McBain 1995) , has been shown to be important for memory consolidation (Remondes and Schuman 2004) . CA1 pyramidal cells are the main output neurons of the hippocampus (Amaral 1993) , and their firing properties are determined by the dynamics of both Schaffer collateral synapses and temporoammonic synapses (Kocsis et al. 1999; Jarsky et al. 2005 ).
Because they receive excitatory input from Schaffer collateral synapses and provide inhibition to CA1 pyramidal cells at the site of temporoammonic synapses (Oliva et al. 2000) , SOM interneurons in s. radiatum are uniquely poised to regulate the input from ER cortex in response to Schaffer collateral input, and therefore act as "input biasing" neurons (Oliva et al. 2000) .
Our results show that Schaffer collateral synapses that drive SOM interneurons have unique properties that enable them to operate over an unusually large dynamic range, which we propose is important for enabling them to regulate the temporoammonic input in a frequency-dependent manner. During low frequency stimulation, Schaffer collateral synapses onto SOM interneurons have a low probability of release (Sun and Dobrunz 2006) , and therefore SOM interneurons are unlikely to fire action potentials. In contrast, high frequency stimulation from the Schaffer collateral pathway will activate the presynaptic calcium-permeable kainate receptors and increase the release probability. This enhancement in synaptic strength will increase the firing of the SOM interneurons and therefore should increase the inhibition they provide onto CA1 pyramidal cells in s. lacunosum-moleculare, thereby reducing the effect of the temporammonic input from ER cortex.
Our results therefore suggest that the very large short-term facilitation at Schaffer collateral synapses onto SOM interneurons, caused in large part by the synaptic activation of presynaptic kainate receptors, could function to dynamically alter the inhibitory gating of the temporoammonic pathway during temporally complex stimuli such as these synapses receive in vivo. 
